The β subunit of high voltage-activated Ca 2+ (Ca v ) channels targets the pore forming α 1 subunit to the plasma membrane and defines the biophysical phenotype of the Ca v channel complex 1-2 . Ca v channel inactivation following activation and opening is tightly regulated and is an essential property that not only prevents excessive entry of Ca 2+ into the cell but may also have functions in signal transduction 3 . The β subunit modulates Ca
2+
-dependent and voltage-dependent components of Ca v channel inactivation via its interaction with the I-II linker of the α 1 subunit 4-5 . Here, using Ca v 2.3 and whole-cell patch-clamp, we show that a β subunit from the human parasite Schistosoma mansoni (β Sm ) accelerates inactivation via a unique, long N-terminal polyacidic motif (NPAM). The accelerating effect of NPAM-containing subunits, both native β Sm and chimeric mammalian β 1b , β 2a and β 3 subunits to which NPAM had been attached, was only apparent when Ca 2+ was internally buffered with BAPTA (5 mM) or when Ba 2+ was used as the charge carrier, two commonly used strategies to eliminate Ca 2+ /calmodulin dependent inactivation. These results indicate that calmodulin is not involved. In addition to accelerating inactivation, NPAM-containing β subunits significantly reduced current density with respect to their non NPAM-bearing counterparts. Interestingly, when the amino acids N terminal to NPAM were deleted, inactivation of Ca v 2.3 currents was faster than in the presence of the entire N-terminal portion of the β Sm subunit, as if the pre-NPAM region counteracts the effect of NPAM. Presence of NPAM also resulted in currents that activated faster, suggesting that NPAM increases open channel probability. However, NPAM does not modulate inactivation gating. In summary, this study identifies a structural determinant of Ca v channel inactivation that is entirely unlike those previously known.
Fast inactivation of the Ca v 2.3 channel has a Ca 2+ /calmodulin-dependent component that is manifest when intracellular buffering is reduced to minimum, physiological levels [6] [7] .
Therefore, in the presence of mild buffering of intracellular Ca -independent mechanism, which remains incompletely understood. In this study we 2 compare currents produced in three different intracellular buffering conditions: no chelators (which presumably is comparable to the use of 20 µM EGTA 7 ), "physiological" buffering with 0.5 mM EGTA 6 , and strong buffering with 5 mM BAPTA [6] [7] . Whole-cell currents produced by HEK cells stably expressing Ca v 2.3 and dialyzed with non-chelating solution, which allows accumulation of intracellular Ca
, inactivate significantly faster than currents from cells dialyzed with 0.5 mM EGTA, and these inactivate faster than with 5 mM BAPTA (Fig. 1a) . In all buffering conditions, currents were optimally fitted by 2-exponential functions that presumably represent fast and slow components of inactivation.
The fast component of inactivation in the presence of BAPTA was significantly larger (i.e., slower) than that displayed in the absence of buffers or in the presence of 0.5 mM EGTA. The fast component of inactivation in the presence of 0.5 mM EGTA was significantly slower than when no chelators were added (Fig. 1b) . This result suggests that 0.5 mM EGTA partially chelates the Ca 2+ signal produced by Ca v 2.3 channels alone.
Consistent with these kinetic values, the fast component of inactivation contributed less to total inactivation in the presence of intracellular buffering than in its absence (Fig. 1d) .
The time constant of the slow component of inactivation was less affected by the intracellular buffering conditions (Fig. 1c) , consistent with the notion that the slow component of inactivation in Ca v 2.3 is largely Ca 2+ -independent.
When Ca v 2.3 was coexpressed with the β subunit from S. mansoni that most resembles mammalian β subunits [8] [9] , the kinetics of the fast component of inactivation of Ca v 2.3 appeared resistant to intracellular chelation (p > 0.05, 1-way ANOVA; Fig. 2a which lacks NPAM, resulted in a recovery of the sensitivity of the fast component of inactivation to 5 mM intracellular BAPTA (Fig. 2a, right) . The reverse experiment corroborates this result, as coexpression with chimeric schistosome/mammalian β subunits, which contain NPAM, masked the sensitivity of inactivation to intracellular BAPTA ( Fig. 2b-d, right) . The acceleration of the fast component of inactivation by NPAM in the presence of BAPTA was concomitant with an increase in its contribution to total inactivation (Suppl. Fig. 1 ). Presence of NPAM also accelerated the slow kinetic component of inactivation when intracellular 5 mM BAPTA was used (Suppl. Fig. 2 (Fig. 4) . Thus, the N-terminus of β Sm appears to be multifunctional, with roles in inactivation kinetics and determining levels of current density, as well as in current run-down, as we have previously described 13 . To determine whether different regions of the N-terminus of β Sm are responsible for accelerating inactivation and modulating current density, two additional mutant versions of β Sm were generated: β SmΔ2-17 , which lacks the first 17 amino acids, and β SmΔ2-24 , which additionally lacks a short acidic motif, at position 18-24 (Fig. 5a ). Both of these constructs leave the longer, NPAM region intact. Interestingly, Ba 2+ currents inactivated faster in the presence of either deletion mutant (β SmΔ2-17 or β SmΔ2-24 ) than in the presence of the wild type subunit ( Fig.   5b ), suggesting that the region of β Sm N-terminal to NPAM somehow moderates the accelerating effect of NPAM on inactivation kinetics. Kinetic analyses show that the fast component of inactivation was especially affected by these deletions (Fig. 5c, d ). Our finding that shortening the length of the β subunit N-terminus accelerates inactivation contrasts with previous studies showing that inactivation rate is increased by the presence of a longer β subunit N-terminus, regardless of the amino acid composition [14] [15] . We also found that the pre-NPAM segment has no effect on current density ( cases, τ act was smaller (faster activation) in the presence of the NPAM-bearing β subunits than in the presence of the corresponding β subunit without NPAM, in agreement with this model. In the case of β 2a and β 3 , this difference was statistically significant (Table 2) .
Therefore, NPAM could also induce fast inactivation but promoting fast channel opening.
Since some structures of Ca v channels are involved in both inactivation kinetics and inactivation gating, we wanted to know whether the N-terminus of β Sm would also affect inactivation gating. To this end, we applied a steady-state inactivation voltage protocol to Ca v 2.3-HEK cells expressing NPAM-containing β subunits or NPAM-lacking subunits.
Whereas the midpoint of steady-state inactivation is also Ca 2+ -dependent, and remodelled by β subunits (Suppl. In summary, we have identified a structural determinant of Ca v channel inactivation that greatly differs from those previously known. This structure is a long poly-acidic motif in the N-terminus of a Ca v β subunit that, to date appears exclusively in parasitic flatworms ( 
Methods Summary
Cell culture and transfection. HEK cells stably expressing the Ca v 2.3 channel were cultured as previously described 13 . Cells were transiently transfected with β constructs using the calcium phosphate method.
DNA constructs. Using standard methods, we cloned all β subunits into the pXOOM vector 31 which contains the gene for green fluorescent protein (GFP) as a marker for transfection.
Construction of β chimeras. Chimeric β Sm /mammalian β subunits were created by first amplifying by PCR the amino terminal region of β Sm (corresponding to amino acids 1-63) and the coding region of the mammalian β subunits, using primers with appropriate restriction sites. The amplified regions were purified, digested with restriction enzymes, and ligated together. The sites in the mammalian β subunits at which the NPAM was added correspond to amino acid #7 for β 1b , amino acid #9 for β 2a , and amino acid #6 mM BAPTA (black bars). Bars represent mean ± s.e.m. *P < 0.05, **P < 0.01, ***P < 0.001 (asterisks above bars), One-way ANOVA with Bonferroni post-test (n = 3-13). Stars within bars indicate statistically significant difference between wild-type and modified β subunits for the same intracellular buffering milieu; *P < 0.05, **P < 0.01, ***P < 0.001, unpaired Student's t-test. Welch's corrections were applied when the variances were 14 significantly different. Supplementary Table 1 shows average values for fast and slow time constants of inactivation for all channel subunit combinations under all three buffering conditions. Supplementary Table 3 shows average values for midpoints of steady-state inactivation for all channel subunit combinations under various internal buffering conditions. Table 2 Table2. Activation time constants (τ activation ) of Ba 2+ currents produced by Ca v 2.3 channels in combination with wild type and mutated β subunits from Schistosoma mansoni (β Sm ) and mammals. τ activation was derived from single exponential fits to the activating portion of the inward currents. The N-termini of mammalian chimeric β subunits corresponds to the N-terminus of β Sm , which contains a long polyacidic motif of 15 glutamate and aspartate residues (NPAM). Data represent mean ± s.e.m. N is shown in parentheses. * p < 0.05, unpaired Student t-test, with respect to the same β subunit lacking NPAM. N = 3-7. 
